Background: Hemeoxygenase-1 (HO-1) has recently been identified as a major driver of metaflammation and obesity-related insulin resistance (IR). Drug-induced IR increases cardiovascular risk within the HIV-1-infected population receiving antiretroviral therapy (ART). We therefore investigated a possible role of HO-1 in ART-induced IR.
INTRODUCTION
HIV infection still constitutes a pandemy with more than 35 million people infected globally. 1 Antiretroviral therapy (ART) has transformed early diagnosed and treated HIV-1 infection from a fatal illness to a chronic disease with an almost normal life expectancy. 2 Nevertheless, the observed decline in morbidity and mortality has been accompanied by a number of non-AIDS-related comorbidities, mostly arising from drug-induced derangements in lipid and glucose metabolism. 3, 4 There is growing concern regarding ART-associated metabolic complications and their potential long-term risk for cardiovascular disease (CVD), potentially resulting in reduced survival rates and quality of life. 5 Antiretroviral drugs most frequently associated with these adverse side effects are HIV protease inhibitors (PIs), such as ritonavir, lopinavir, or indinavir, 6 and several mechanistic pathways are being discussed. 7 However, in contrast to other firstgeneration PIs, ritonavir is still widely used as a boosting agent for modern PIs because of its inhibitory effect on the drug metabolizing enzyme cytochrome CYP3A4. 8 In 2007, the integrase inhibitor raltegravir (RAL) was introduced as a member of a new class of antiretroviral agents. RAL demonstrated potent efficacy against multidrug-resistant HIV-1 strains and was initially approved for the management of treatment-experienced patients. 9 Currently, RAL is also listed as one of the preferred drug regimens for treatment-naive patients according to the department of health and human services panel's recommendations. 10 Importantly, HIV-1-infected subjects treated with RAL show fewer adverse side effects, a more favorable metabolic profile, and in contrast to PIs, RAL has not been associated with fat redistribution, such as visceral fat accumulation or lipohypertrophy during shortand long-term treatment. 11, 12 Furthermore, chronic untreated HIV-1 infection itself is also associated with persistent inflammation, and ART initiation improves endothelial function in patients with low CVD risk. 13 Taken together, ART treatment of patients with chronic HIV-1 infection and the rising obesity prevalence in developed countries make early recognition of metabolic risk preeminent for the management of HIV-1-infected patients.
Previous studies have clearly demonstrated that exposure to ritonavir induces disturbances in glucose homeostasis in HIV-1-infected patients and HIV-seronegative, healthy humans using oral glucose tolerance and hyperinsulinemic/ euglycemic clamp procedures. 14, 15 Research on diet-induced insulin resistance (IR) led to a new concept termed "metaflammation," characterizing a chronic inflammatory process mediated by the immigration of proinflammatory macrophages into adipose tissue depots. 16 These macrophages aggregate around dead adipocytes, forming characteristic ring patterns referred to as crown-like structures and release proinflammatory cytokines, including tumor necrosis factor-a (TNFa), interleukin 1b (IL-1b), IL-6, and monocyte chemotactic protein 1 (MCP-1), which can directly interfere with insulin signaling. 17, 18 The proinflammatory, M1-type macrophages perturb normal adipocyte function and are necessary and sufficient to generate systemic IR in mouse models of obesity. 19, 20 Current studies in insulin-resistant, obese humans and in macrophage and hepatocyte conditional knock-out mice identified hemeoxygenase-1 (HO-1), one of the first and ratelimiting enzymes in heme metabolism, as a major driver of metaflammation and diet-induced IR. 21 Macrophage-specific HO-1 knock-out mice were characterized by reduced epididymal fat infiltration of proinflammatory (M1) macrophages and showed decreased expression of inflammatory cytokines in both myeloid cells and hepatocytes. 21 Interestingly, ritonavir has previously been shown to potently induce HO-1 gene expression and apoptotic cell death in the DLD-1 colon carcinoma cell line by activating the activator protein-1 (AP-1) signaling pathway. 22 We aimed to investigate the role of HO-1 in ritonavir-induced IR by measuring effects of ritonavir treatment on expression levels of HO-1 and inflammatory cytokines in human monocytes/macrophages and hepatocytes. In addition, we evaluated the associations of HO-1 plasma levels with the homeostasis model assessment-IR index (HOMA-IR) in a preliminary cohort analysis.
METHODS

Cell Culture Studies
THP-1 cells were cultured in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO) supplemented with 2 mM L-glutamine (Sigma-Aldrich), 10% FBS (Biochrom AG, Berlin, Germany), and 50 mM 2-mercaptoethanol (Invitrogen, Carlsbad, CA). HepG2 cells were cultured as described. 23 Antiretrovirals were provided by the manufacturers: ritonavir (AbbVie Limited, North Chicago, IL) and RAL (Merck Sharp & Dome Limited, Kenilworth, NJ). Both drugs were dissolved in DMSO, as recommended by the manufacturer (Selleckchem, Munich, Germany), before dilution into the serum-free cell culture medium to the final concentrations between 10 and 50 mg/mL. The final concentration of DMSO during cell culture experiments was never higher than 0.05% and did not affect HO-1 expression in the control experiments. The effects of PIs and of RAL were tested on cells for 8, 16, and 24 hours at the following concentrations. For RAL, because maximal plasma concentrations in healthy subjects range from 10 to 25 mM (25-62 mg/mL) as assessed by high performance liquid chromatography-mass spectrometry in pharmacokinetic studies, 24 our in vitro concentrations were chosen between 10 and 50 mg/mL. Antiviral activity of RAL in DMSO has been described previously. 25 For ritonavir, if used as a sole PI in humans, the recommended dose is 600 mg every 12 hours, leading to a maximal plasma concentration of 15 6 5 mM according to the FDA label. Currently, it is usually used as a low-dose booster for PIs with 100-200 mg/d. Furthermore, to achieve comparable molar concentrations of both drugs, as ritonavir (MW = 720) has a higher molecular weight than RAL (MW = 444), ritonavir was studied between 12.5 and 50 mg/mL. Viability of the cell lines was not affected by either ritonavir or RAL as assessed by growth characteristics and trypan blue exclusion.
Gene Expression Studies
Total RNA was isolated from THP-1 and HepG2 cells cultured in the absence or presence of antiretroviral drugs, as indicated, using the RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA samples were stored at 280°C and digested with DNase I (Promega, Madison, WI) before reverse transcription as described. 26 The cDNA was synthesized using random hexamer primers and the SuperScript IV First-Strand Synthesis System (Invitrogen). Transcript levels of HO-1 (Hs01110250_m1), IL-1b (Hs01555410_m1), IL-6 (Hs00985639_m1), IL-8 (Hs00174103_m1), TNFa (Hs01113624_m1), chemokine (C-C motif) ligand 5 (CCL5; Hs00982282_m1), and MCP-1 (Hs00234140_m1) were quantified in triplicates using Taqman gene expression assays (Applied Biosystems, Foster City, CA) listed in parenthesis. Constitutively expressed acidic ribosomal protein p0 (RPLP0) mRNA (4326314E) was used as an internal standard for normalization of mRNA abundance. Relative mRNA levels were calculated using the comparative threshold cycle method (DDC T ) and the iCycler iQ Multicolour Real-Time Polymerase Chain Reaction Detector (BioRad, Hercules, CA). The average interassay coefficient of variation of mRNA measurements ascertained by overlapping cDNA samples was ;12%.
Study Population
Plasma samples were recruited from HIV-1-infected individuals from an Austrian HIV outpatient clinic in Salzburg, which is part of the Austrian HIV Cohort (AHIVCOS), and the study has been approved by the ethics committee of the Salzburg Federal Government (No. 1159/2010). A sex-, age-, and body mass index (BMI)-matched, HIVseronegative control cohort from the same geographical area was selected from the biobank of the Medical University of Vienna. Written informed consent was given by the patients for their information to be used for research. Study subjects were required to be virologically suppressed (HIV-1 RNA ,40 copies/mL) and on stable ART for .6 months. ART regimens included 2 nucleoside reverse transcriptase inhibitors (tenofovir or abacavir and emtricitabine or lamivudine) plus a PI or an integrase inhibitor. We calculated the sample size using an online power-and-sample size calculator (http://powerandsamplesize.com/Calculators/ Compare-2-Means/2-Sample-Equality). The effect size was estimated based on a previous study describing drug effects on HO-1 plasma levels. 27 For a sample size of N = 28, the calculated power was 0.9.
The most commonly prescribed nucleoside reverse transcriptase inhibitor backbone was tenofovir in all 3 groups of HIV-1-infected patients. Participants on PI-based regimens received either lopinavir/ritonavir (LPV/r), commercially available as Kaletra (Abbott Laboratories, Abbott Park, IL), 2 tablets of 200/50 mg twice daily (N = 38) or darunavir/ ritonavir (DRV/r) commercially available as Prezista (Janssen-Cilag International NV, Beerse, Belgium) 800/100 mg once daily or 600/100 mg twice daily (N = 54). Participants on an integrase inhibitor regimen received 400 mg of RAL twice daily (N = 35), commercially available as Isentress (Merck, Philadelphia, PA). HIV seronegative subjects served as a control group (N = 28). Subjects with a BMI .35 kg/m 2 , type 1 or type 2 diabetes mellitus and individuals with current use or use within the last 6 months of androgen therapy or lipid-lowering agents were excluded. There were no serious adverse clinical events during the course of the study.
Laboratory Analyses
Blood was collected after an overnight fast, and plasma was separated by centrifugation (1100g; 10 minutes) within 2-4 hours. Glucose, cholesterol, triglyceride (TG), highdensity lipoprotein cholesterol (HDL-C), C-reactive protein, IL-6, aspartate transaminase, alanine transaminase, g-glutamyl transferase, alkaline phosphatase, amylase, and lipase were measured as described. 23 Insulin and TNFa were measured by chemiluminescent microparticle immunoassay using the architect platform (Abbott Laboratories). IR was estimated using the HOMA-IR as described. 21 HOMA-IR has been widely used as a surrogate marker of IR in clinical and epidemiological studies. At least to our knowledge, there is no generally accepted HOMA-IR cutoff value that absolutely distinguishes normoglycemic subjects from those with an impaired glucose tolerance because this is a gradual process. According to the literature (see Supplemental Digital Content, http://links.lww.com/QAI/A944), we chose a HOMA-IR cutoff value of 2.5 [individuals were divided in 2 categories according to their HOMA-IR (insulin sensitive: HOMA-IR , 2.5; insulin resistant: HOMA-IR . 2.5)]. 28 HbA1c was measured by capillary electrophoresis using the ADAMS HA-8160 system (Menarini Diagnostic, Firence, Italy). HO-1 (Enzo Life sciences Inc., Farmingdale, NY), IL-1b, IL-8, CCL5, and MCP-1 (R&D Systems Inc., Minneapolis, MN) were measured by quantitative sandwich enzyme immunoassay. For determination of HIV-1 viral load, the Abbott m24sp automated sample preparation system was used for RNA isolation (Abbott Molecular, Des Plaines, IL). Polymerase chain reaction amplification was performed using the Abbott m2000rt Real-Time Polymerase Chain Reaction system and the Abbott RT HIV-1 assay with a dynamic range of 40 to 10.000.000 copies per milliliter.
Statistical Analyses
Statistical analyses were performed using the SPSS for windows software package version 21.0 (SPSS Inc., Chicago, IL). Data are presented as mean 6 SD unless otherwise indicated. Descriptive statistics were calculated for all demographic and clinical characteristics of the study groups. Group differences of continuous variables were ascertained by analysis of variance. Measurements were adjusted for the concomitant effects of age, sex, and BMI, as indicated. Parametric data were analyzed using Student t test, to assess whether the mean values for normally distributed groups differed significantly. P-values ,0.05 were considered significant.
RESULTS
Previous studies suggested that ritonavir stimulates transcriptional regulation of the HO-1 gene in colon carcinoma cells. 22 We therefore investigated its effects on HO-1 expression in the monocyte cell line THP-1 and in immortalized HepG2 hepatocytes. As shown in Figure 1A , ritonavir ) . B, THP-1 cells were incubated for 8, 16, and 24 hours with 20 mg/mL RAL or 50 mg/mL RTV, respectively. C, HepG2 cells, a human hepatocyte cell line, were incubated for 8, 16, and 24 hours with 20 mg/mL RAL or 50 mg/mL RTV, respectively. Relative HO-1 mRNA expression was quantified by real-time PCR using the comparative threshold cycle method. HO-1 abundance levels were normalized for the expression of acidic ribosomal protein p0 (RPLP0). Data are shown as mean 6 SE of 3 samples, each measured in triplicate. *P , 0.05, **P , 0.01 for comparison to untreated control cells using the Student t test.
exposure of THP-1 cells for 24 hours resulted in a dosedependent increase of HO-1 mRNA expression levels compared to unstimulated control cells. At ritonavir concentrations of 12.5, 25, and 50 mg/mL, HO-1 expression levels showed a 2.9 6 0.16-fold, 15.8 6 4.3-fold, and 62.4 6 11.9-fold increase (P , 0.01), respectively. In a time-course experiment, ritonavir enhanced HO-1 mRNA expression 4.0 6 0.41-fold, 45.3 6 5.7-fold, and 68.8 6 10.3-fold (P , 0.01) after 8, 16, and 24 hours of exposure, respectively (Fig.  1B) . In contrast, RAL treatment of THP-1 cells did not significantly alter steady-state levels of HO-1 mRNA at any drug concentration or time point studied (Fig. 1A, B) . A less pronounced effect of ritonavir treatment was observed in HepG2 cells. Ritonavir treatment using 50 mg/mL for 16 and 24 hours resulted in a 1.85 6 0.13-fold and 3.15 6 0.17-fold increase in HO-1 mRNA expression (P , 0.05), respectively, whereas RAL treatment again did not significantly affect HO-1 expression levels (Fig. 1C) .
HO-1 exhibits proinflammatory properties that drive metabolically triggered low-grade, chronic inflammation (termed "metaflammation" or "cold inflammation") and result in the development IR in obese humans. 21 As shown above, ritonavir potently induces HO-1 expression in THP-1 cells. Therefore, we studied possible effects of ritonavir exposure on the expression of proinflammatory cytokines in THP-1 cells. A 24-hour exposure of THP-1 cells cultured in the presence of 50 mg/mL ritonavir significantly altered mRNA levels of proinflammatory cytokines. As shown in Figure 2A , ritonavir increased the expression of IL-8 (73 6 15.8-fold, P , 0.01), TNFa (264 6 30.2-fold, P , 0.01), MCP1 (11 6 5.8-fold, P , 0.01), and CCL5 (3 6 0.8-fold, P , 0.01), whereas expression levels of IL-1b and IL-6 remained unaffected (data not shown). In contrast, incubation of THP-1 cells for 24 hours with 20 mg/mL RAL had only minor effects on TNFa mRNA expression (1.8 6 0.3-fold, P , 0.05) and did not alter mRNA levels of IL-8, CCL5, and MCP-1 (Fig. 2B) as well as IL-1b and IL-6 (data not shown).
To investigate whether HO-1 plasma levels are associated with derangements of glucose homeostasis in HIV-1-infected subjects receiving ritonavir-boosted therapy regimens, we enrolled 155 study participants who were assigned to 4 different groups. The study included 38 HIV-1-infected patients receiving LPV/r-based ART (LPV/r group), 54 HIV-1-infected patients receiving DRV/r-based ART (DRV/r group), 35 HIV-1-infected patients on integrase inhibitor-based ART receiving RAL (RAL group), and 28 HIV seronegative subjects who served as a control group. Table 1 summarizes the demographic and clinical characteristics of the study participants. Fasting HDL-C levels were significantly lower and TG levels were significantly higher in PI recipients (LPV/r and DRV/r groups) compared to HIV seronegative controls (Table 1) . HIV-1-infected subjects receiving RAL had higher fasting HDL-C and lower TG levels in comparison to controls. Fasting glucose levels were elevated in all ART-receiving groups compared to HIV seronegative subjects. There were no significant differences in BMI, total cholesterol, low-density lipoprotein cholesterol, and HOMA-IR between the groups. As shown in Figure 3A , plasma HO-1 levels (mean 6 SD) were significantly higher in insulin-resistant (HOMA-IR . 2.5) compared to insulin-sensitive (HOMA-IR , 2.5) HIV-1-infected individuals in the LPV/r group (3.90 6 1.15 vs 2.56 6 1.07 ng/mL, P , 0.005). A similar increase was observed in the DRV/r group (3.16 6 1.37 vs 2.28 6 1.23 U/mL, P , 0.05; Fig. 3B ), whereas no significant differences were noted in the RAL group (2.11 6 0.80 vs 2.30 6 1.19 U/mL, P = 0.654; Fig. 3C ) and in the non-HIV control group (2.52 6 1.47 vs 2.45 6 1.74 U/mL, P = 0.904; Fig. 3D ). A significant correlation was found between HO-1 plasma levels and HOMA-IR in the LPV/r group and the DRV/r group but not in the RAL and the non-HIV control group (Fig. 4) . Furthermore, HO-1 levels were correlated with plasma levels of TNF-a in the LPV/r group (r 2 = 0.108, P , 0.05) and in the DRV/r group (r 2 = 0.221, P , 0.05) but not in the RAL group or in seronegative controls. No significant correlations of HO-1 with plasma levels of IL-1b, IL-6, IL-8, CCL5, or MCP1 were observed (data not shown).
DISCUSSION
Previous studies argue for a prominent role of ritonavir in precipitating metabolic abnormalities observed in HIV-1-infected subjects. 29 We provide evidence for a novel mechanism involving HO-1 as a driver of chronic inflammation in ritonavir-induced IR. The occurrence of immune cell infiltration in adipose tissue accompanied by the expression of proinflammatory cytokines has been well established as a major hallmark in diet-induced IR. 16 Although HO-1 has been recognized primarily as an anti-inflammatory enzyme in the current bulk of literature over the years, 30,31 Jais et al. recently provided strong evidence for a proinflammatory role of HO-1 that drives the development of IR in obese humans. They demonstrated that HO-1 is involved in the priming of macrophage polarity toward a M1-like, proinflammatory phenotype. 21 FIGURE 2. HIV-1 PI ritonavir treatment increases the expression of proinflammatory cytokines in vitro. A, THP-1 cells, a human monocyte cell line, were cultured for 24 hours in the presence of 50 mg/mL RTV. B, THP-1 cells were cultured for 24 hours in the presence of 20 mg/mL RAL. Relative expression levels of IL-8, TNFa, MCP-1, and CCL5 were quantified by real-time PCR using the comparative threshold cycle method. Abundance levels were normalized for the expression of acidic ribosomal protein p0 (RPLP0). Data are shown as mean 6 SE of 3 samples, each measured in triplicate. *P , 0.05, **P , 0.01 for comparison to untreated control cells using the Student t test.
We show that ritonavir potently induces HO-1 expression in the human myeloid THP-1 cell line in a time-and dosedependent manner. Ritonavir was chosen for this study because it is the most commonly used PI booster in ART. However, in this study, we used ritonavir as a single drug and could observe an induction of HO-1 expression starting at a concentration of 12.5 mg/mL. Furthermore, we have to remain aware that even low-dose ritonavir is usually used continually in patients for months or years. In THP-1 cells, HO-1 induction is accompanied by a strong upregulation of the expression of major proinflammatory cytokines, including IL-8, TNFa, CCL5, and MCP-1. These observations are in line with previous studies demonstrating that distinct PIs increase oxidative stress and alter cytokine secretion in THP-1 cells. 32 Furthermore, Martinez et al 33 reported a significant decline in plasma levels of cardiovascular biomarkers including TNFa and MCP-1 in HIV-1-infected patients participating in the SPIRAL study, that were switched from ritonavir-boosted PIs to RAL. Effects of ritonavir exposure on the expression of proinflammatory cytokines were also described in 3T3-L1 cells. 34 In HIV infection, the role of continued, low-grade inflammation that is strongly associated with an increased risk for CVD has received much attention in the past. 35 Persistent immune activation may result from multiple factors, including coinfections, 36,37 low-level viremia, 38 enterocyte damage leading to microbial translocation, 39, 40 or ART itself. 41 Here, we propose a role for HO-1 in chronic inflammation in ritonavir-treated HIV-1-infected patients. Additional studies are required to elucidate the effects of distinct antiretroviral regimens on chronic inflammation during HIV-1 infection.
Hepatic IR is considered to be another important component in the pathogenesis of fasting hyperglycemia. Interestingly, it has been demonstrated that HO-1 serves as a negative regulator of insulin signaling in the liver via impairment of mitochondrial respiratory function, which leads to the induction of protein-tyrosine phosphatase 1B (PTP1), the key upstream inhibitor of the insulin receptor IRS1. 21 We demonstrate that ritonavir treatment significantly increases HO-1 expression in a hepatoma cell line (HepG2) and provide initial evidence that ritonavir-induced IR might also involve HO-1-mediated impairments in the regulation of intrahepatic insulin receptor availability.
Meanwhile, numerous molecular mechanisms of ritonavir-induced glycemic dysregulation, which are mainly related to defects in insulin action and secretion, have been well established. The acute development of glucose intolerance even after short-term treatment 42 or large single doses of ritonavir 14 has been mainly attributed to a reversible inhibition of the glucose transporter GLUT 4 in peripheral tissues 43 and/or inhibition of glucose sensing and glucose-stimulated insulin release, as has been shown in cultured pancreatic b-cells and in murine models. 44 But also a long-term reduction in insulin sensitivity, significantly increasing the risk for the development of T2DM and CVD, has been well established in antiretroviral-naive and in PI-experienced HIV-1-infected subjects in numerous clinical studies. 45, 46 Our observations suggest that ritonavir-mediated upregulation of HO-1, which is accompanied by an increased expression of proinflammatory cytokines, including IL-8, TNFa, CCL5, and MCP-1, might exert an additional indirect effect on glucose uptake by GLUT4. It has previously been demonstrated that WAT macrophage-derived TNFa blocks insulin action in adipocytes via downregulation of GLUT4 and IRS-1, leading to a decrease in Akt phosphorylation and impaired insulin-stimulated GLUT4 translocation to the plasma membrane. 47 Other proposed mechanisms for the development of PI-induced IR include direct effects of ritonavir on adipocyte differentiation 48 and function, 32 b-cell apoptosis, 49 and on endoplasmic reticulum stress accompanied by an induction of the unfolded protein response. 50 Our initial observations in cell cultures and HIV-infected humans do not allow to form a reasonable estimate of the relative contribution of ritonavirinduced HO-1 induction to systemic IR in comparison with other known actions of the drug. However, because of the significant role of chronic inflammation in the etiology of IR, HO-1 might contribute significantly to ritonavir-induced IR.
HO-1 expression levels in liver and adipose tissue predict the extent of systemic IR in obese humans independently from age, sex, and BMI. 21 In our study, we describe a significant correlation of HO-1 plasma levels and HOMA-IR, a surrogate marker for IR, in ritonavir-treated HIV-1-infected patients but not in patients on a RAL-based regimen or in seronegative, non-HIV control subjects, respectively. Furthermore, we show that LPV/r treatment had a stronger effect on HO-1 levels compared to DRV/r treatment. Studies in 3T3-L1 preadipocytes revealed that lopinavir, in contrast to darunavir, promotes PTP1 expression via a yet unknown mechanism, thereby interfering with insulin signaling. 51 An association of HO-1 plasma concentrations with impaired glucose tolerance has also been described in a non-diabetic cohort of Chinese subjects. 52 Furthermore, significantly elevated HO-1 levels were observed in type 2 diabetic Chinese subjects in comparison to normoglycemic controls. 53 Our data show that a careful evaluation of the predictive power of HO-1 plasma levels for the early detection of impairments in glucose tolerance is warranted in larger populations of treated HIV-1-infected subjects.
At least to our knowledge, this study demonstrates for the first time a strong correlation between IR and HO-1 in HIV-1-infected subjects on ritonavir-boosted ART and identifies HO-1 as a putative novel player in ritonavir-induced IR. Interestingly, previous studies demonstrated that plasma HO-1 levels were also raised in stable coronary artery disease and were increased in subjects suffering from acute coronary syndromes compared to healthy controls. 54 Because traditional prediction tools, such as the Framingham equation, may underestimate the cardiovascular risk in HIV-1 patients, novel biomarkers are needed that allow an early recognition of metabolic derangements. Furthermore, in consideration of the long-term consequences of ART-induced chronic inflammation, a better knowledge of the 
